Municipal sludge, originating from two wastewater treatment plants in Sweden, has been burned together with wood pellets or bituminous coal in a circulating fluidised bed (CFB) boiler equipped with a secondary cyclone and bag filter for fly ash removal. Such co-combustion is an alternative to mono-combustion of sludge. The sludge is burned in either mechanically dewatered or pre-dried form. The mechanically dewatered sludge was fed with a pump, but pre-dried sludge could be fed by the fuel feed system normally used for coal. Both types of sludge were burned with either wood-pellets or coal as main fuel under identical operating conditions, typical for a CFB boiler. The focus was on ash balances and on analysis of fuels and ashes to obtain concentrations of relevant species. The presence of phosphorous (P) is of special interest in relation to trace elements, such as mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn). For this reason a comparison has been made between these trace elements and phosphorous in the various ashes and the original sludge as well as other sources of phosphorous that could be used for agricultural purposes. The results show that sewage sludge and fly ash, after combustion of sludge, contain similar amounts of phosphorous as other phosphorous sources for agricultural use, but the levels of trace elements in relation to phosphorous (Hg, Cd, Pb, Cr, Cu) are higher than in animal manure and artificial fertilizer and higher than the present limits in Sweden.
INTRODUCTION
Sludge from municipal waste-water treatment pants can be incinerated in dedicated plants like the fluidised bed combustor located in Hamburg [1] . In a specialized plant like this one, organic pollutants and pathogens are destroyed, and inorganic trace elements like chlorine and sulphur are trapped in the flue gas treatment process. Low combustion temperature and staging of the air supply lead to low emissions of nitrogen oxides (NOx) despite the high content of nitrogen in the sludge. The drawback of this concept is that, if an auxiliary fuel is not used, drying of the sludge prior to the incineration is required in order to sustain combustion at a proper temperature of 850 °C. This, in conjunction with the flue gas treatment process, makes the unit fairly complex and only possible to justify in connection to large wastewater treatment plants. Cocombustion of sludge with coal or other primary fuels like wood offers an alternative to mono-combustion. The idea is to burn sludge in conventional solid fuel boilers like fluidised beds, normally used for power and/or heat production. This increases the number of possible facilities and decreases the need for transportation of sludge from small wastewater treatment plants. The energy content of the sludge can be recovered, either in connection to pre-drying or, if lowtemperature heat can be utilised, in a flue gas condenser. With coal as a base fuel this leads to an effective reduction of the CO 2 emission. Within the European Union the regulations of emissions from mono-combustion of wastes like sludge have been adapted to include co-combustion in conventional boilers, making the procedure for acceptance and approval easier [2] . The alternative to incineration of sewage sludge is to use the sludge directly as a fertilizer for agricultural growth of food.
Especially the fertilizing agent phosphorous (P) is regarded as a limited resource that should be taken care of. Therefore, demands on re-circulation of the phosphorous to the agriculture sector could be expected in the future. The limitation of this alternative is the pollution of the sludge by various species originating from human activities, and special attention has to be paid to trace elements like mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn) that could contaminate the soil in the long run (decades). Incineration of the sewage sludge would avoid this contamination if these trace elements could be separated from the phosphorous in the ashes. The question of whether such a separation is needed is the subject of the present paper. Focus is on the fate of the phosphorous and some harmful trace elements when co-combusting sewage sludges from two waste water treatment plants in Sweden with wood and coal as base fuels in a fluidised bed combustor equipped with a secondary cyclone and bag filter for fly ash removal. A comparison is also carried out with other sources of P-fertilisers with respect to contamination by the selected trace elements.
EXPERIMENTAL BACKGROUND

The Boiler
The 12MWth circulating fluidised bed (CFB) boiler, located at Chalmers Technical University was used for the tests, Figure 1 . The combustion chamber (1) has a square crosssection of about 2.25 m2 and a height of 13.6 m. Fuel is fed from fuel hoppers (20) to the bottom of the combustion chamber through a fuel chute (2) . Make-up bed material or limestone for sulphur capture is fed from (17) and (18). The circulating solids are separated in the primary cyclone (9) and transported through the particle return leg (10), the loop seal (11), and in the case of pure coal combustion also through the external heat exchanger (12), back into the combustion chamber. Primary combustion air is supplied to the wind box (3) below the gas distributor, whereas secondary air may be added either into the combustion chamber (4), normal staging, or downstream of the cyclone (7), advanced staging, see [3] , [4] . After passing of the exit duct from the cyclone (8), which acts as an afterburner chamber, the flue gas is cooled to 150 °C in the convection path and fly ash is separated from the flue gas, first in a secondary cyclone (13) and then in a bag filter (14). This is a two-step particle separation process. Normally a bag filter or an electrostatic precipitator captures the fly ash without any cyclone upstream in the flue gas path. The various alternatives for fly ash removal influence the potential of trapping trace elements [5] .
The Fuels
Bituminous coal or wood pellets were used as base fuels. The coal originated from the Katowice district in Poland, while the wood pellets were produced from domestic trees like pine and birch in a factory located in the city of Ulricehamn by "AB Svensk Brikettenergi". The additional fuels were two different municipal sewage sludges. In the first test series pre-dried sludge from the wastewater treatment plant "Himmerfjärds-verket" was used. This plant treats wastewater from 245 000 inhabitants of the city of Södertälje and the southeast part of Stockholm. The second test series involved mechanically dewatered sludge from the plant "Ryaverket", the second largest wastewater treatment plant in Sweden, taking care of wastewater from 580 000 inhabitants of the city of Göteborg and surroundings.
In order to feed the wet sludge cake into the boiler, a sludge pump (a development of a piston pump normally used for cement) was installed in connection to the research facility, (21) in Figure 1 . The properties of the fuels investigated are given in Table 1 . Both treatment plants produce digested sludge and employ precipitation with ferrous iron for phosphorous removal from the wastewater.
Experimental Procedure
The operating conditions of the tests are given in Table 2 . The ranges of variation in Table 2 are those from test to test. The ambition was to keep the operation conditions as similar as possible between the tests, only changing amount of sludge added and type of sludge. It is possible to feed higher fractions of pre-dried sludge than mechanically dewatered sludge. This is reflected in the test programme. Higher sludge ratio leads to higher calcium (Ca) feed with the sludge, and this makes it difficult to freeze the total calcium to sulphur ratio (Ca/S), since the exact Ca and S contents of the sludge were not known at the time of the experiments. As seen from Table 2 , the operating condition was quite stable despite the large differences between the fuels. The research boiler is equipped with a control system that maintains the air flows constant when the load is set. The fuel flow is then controlled by the oxygen concentration in the stack and the pressure fluctuation on the waterside of the boiler is balanced by a heat exchanger. This control system makes it possible to maintain a very stable condition for several hours, which is important when trace elements and phosphorous are to be tracked. All tests were run between 10 and 24 hours prior to collection of solid samples for analysis. This strategy improves the ash balance, since equilibrium in trace element concentration has to be established before the ash samples can be taken. In each test the following samples were taken: a) base fuel and sludge; b) solids representing the content in the combustion chamber where taken in sample hole H2 in the bottom of the furnace and in the cyclone leg (10) shown in Figure 1 ; c) fly ash from the secondary cyclone (13) and bag filter (14). These samples were then sent for proximate, ultimate, ash and trace elements analysis in various accredited external laboratories.
RESULTS
Relative increase of ash components.
The differences in the feed rate of trace elements when substituting coal or wood with sludge are particularly important in the present tests. There are three consequences of the substitution of coal or wood with sludge. First, the heating values are different, second, the ash content of the sludge is higher, and third, the trace element concentrations of the sludge are also higher, as seen in Table 1 (ash content, heating value) and Table 3 (trace element concentrations, phosphorous). A comparison of the supply of ash, trace elements and phosphorous between the reference cases with pure coal and wood and the test cases with sludge addition is seen in Figure 2 . The comparison is limited to the trace elements Hg, Cd, Pb, Cr, Cu, Ni, Zn. For these elements there are limits in Sweden, below which the material may be used as a source of phosphorous for agricultural purposes, as seen in Table 3 , [6] . Figure 2 shows the obvious result that the increase of trace elements, ash and phosphorous is much higher using wood as reference fuel than using coal. Dry sludge allows higher feed rates than wet sludge, but it also leads to much higher feed rates of trace elements and phosphorous.
Ash balance and distribution of ash.
Mass balances illustrate the accuracy of the measurements. Under equilibrium operating conditions the total mass balance of solid material over a fluidised bed combustor can be expressed as:
Mass flows of fuel ash, lime and silica sand fed=exiting mass flows of bottom ash and fly ash Here conversion of lime and unburned char in the exit flows are taken into account, but release of volatiles from the ashes is neglected. Silica sand was fed in some cases to regenerate the bottom bed as a compensation for the low ash flow when operating with wood only. The total mass balances shown in Figure 3 a-d verify that the closure has been good. Only in the case of pure wood the balance is not closed in a satisfactory way because of the very small ash flow that could not be accurately recorded. The distribution of ash between bottom and fly ash is seen in Figure 4 a-d. The solids flows leaving the unit (expressed in actual kg/h) show a typical situation for a CFB unit: the amount of bottom ash (bed ash) is determined by the fuel ash, the lime supply and the fragmentation behaviour of these inert materials. The fraction of bottom ash is highest (41 %) in the second test series with coal as base fuel, where the bottom bed material was continuously regenerated in all three tests to remove coarse ash material originating from the coal. The bottom ash fraction is lowest in the corresponding tests with wood as base fuel (6%), where no bed regeneration was needed and also the lime flows were kept low. In the first test series, the bottom ash fraction was dominated by the ash of the pre-dried sludge and of the higher lime flow, resulting in an average bottom ash fraction of 27%. The distribution of fly ash between secondary cyclone and bag filter in Figure 4 a-d reveals that the secondary cyclone dominates the collection of fly ash; in average 87 % of the total fly ash is captured by the secondary cyclone.
Concentrations of Phosphorous.
The average P-concentrations of the two sludges tested are given in Table 3 : 3.6 and 2.9%, respectively. This can be compared with the average value of 2.7% obtained from analysis of sludge samples from 47 wastewater treatment plants in Sweden, [6] . The individual values (3.6% and 2.9%) of the sludges originating from the two wastewater treatment plants engaged in this study (they are part of the 47 plant study) are also given in Table 1 . It is evident that the sludges used in the present study well represent the general Swedish sludges with respect to concentration of phosphorous and that the concentration is high enough for direct agricultural utilization. The question is where the P is found after combustion. Figure 5 gives a first idea of the fate of P; it ends up in the ashes, more in the two fly ashes than in the bottom ashes, since the P concentrations are higher in these samples than in the furnace and bottom ash. The absolute P concentrations depend on the ash content of the base fuel. The coal ash dilutes the P-content greatly compared to the low-ash wood pellets. Lime supply also acts as a diluter, and the lime flows are higher using coal as base fuel because of the higher sulphur content compared to wood. Altogether, this means that the highest P-concentrations are found in the fly ashes produced with wood as base fuel. The reference cases with pure base fuels in the first test series with pre-dried sludge are exceptions from this picture. The two tests with pure wood and coal, Figure 5a ,b, were run too close (after 10h) to the tests with maximum sludge feeds. (The corresponding data points at zero waste fraction are therefore not connected to the remaining curves in the diagram). The reference cases in the second test series, Figure 5c ,d are identical with respect to operating conditions, but they were run avoiding influence from previous tests with sludge supply and hence represent the correct values. The P concentration in the ashes then reflects the very low P content of the base fuels, Figure 5c ,d. The P concentration in the fly ashes when adding sludge to wood as base fuel is higher than in the original sludge. This makes sense, since the organic part of the sludge has been removed by combustion.
From a P concentration point of view the fly ashes could be used directly as a source of phosphorus in the agriculture. Two factors determine if this is a good idea or not. The first one is related to the form of phosphorus in the ashes compared to the original compound in the sludge and the second concerns the contamination of the material by trace elements. The original form is mainly ferric phosphate (FePO 4 ), since the precipitation species is ferrous iron. FePO 4 performs well as a fertilizer when sludge is directly used on the soil. When the sludge is burned, the iron is oxidized to iron oxide (Fe 2 O 3 ) and the phosphate could combine with other species like calcium or aluminium, for example. Lime added to the furnace for sulphur capture could react with phosphorous to form calcium phosphate. This is avoided if hydrated lime Ca(OH) 2 is supplied to the inlet of the bag filter for removal of both chlorine and sulphur from the flue gas. Then the secondary cyclone ash is kept clean from an external source of calcium. Now, the inorganic part of the sludge, the ash and, for example, the relation between aluminium and calcium in the ash determine how the phosphate will be bound in the end product and how suitable this product is for the uptake of the phosphorous for growing plants. This alternative with hydrated lime addition is indicated in Figure 1 , (no. 19), but it was not used in the present tests.
Mass balances and emissions of each trace element from the first test series can be found in [4] , and for the second test series similar data will be reported elsewhere. In both test series no emissions of trace elements, not even mercury, were recorded within the limits of sensitivity of the analysers during the measurements in the stack. The ash balances were closed in a satisfactory way in all cases with the exception mentioned above. This means that the ash flows are well controlled. For the trace elements reported below there was a good closure of the species balance in the first test series [4] . This indicates a high accuracy of the analyses of trace elements in the fuels and ashes. For the second test series the same accredited laboratory was used, so these analyses should be reliable as well.
Trace Elements -Absolute Concentrations.
The concentration of phosphorous is important for the usefulness of P for agricultural purposes, but equally important is the trace element concentration, given for all ash samples in Appendix 1. The result can be sorted out in the following way: The bottom ash is different from the fly ash. It is built up by the bed solids that circulate between the furnace, primary cyclone, cyclone leg, particle seal and back to the furnace again. In a pure wood combustion case the bed material is sand, which dominates the bottom ash removed. Co-combustion of sludge should be characterised by an increase of the main components P and Fe and the trace elements Cu and Zn. Lime needs to be added as well, and this increases the Ca content of the bottom ash. These general trends are seen in Table A1 :a and A1:b for Zn, Cu and P but not for Ca. As discussed previously, the two reference cases in the first test series with pure base fuel were contaminated by earlier tests where sludge was used. Also the second reference case with wood as base fuel was not performed with sufficient time between an earlier run with pure coal combustion and with lime supplied. This explains the high content of Ca in the bottom ash. In the case of pure coal combustion the re-circulating solids are built up by silica sand, coal ash and lime. If the second reference case is used instead as a representative base case it is clearly seen in Table A1 :a and A1:b that the addition of sludge increases the concentrations of Zn, Cu, P and Fe. However, due to the dilution of the bottom ash by silica sand and the relatively coarse size of the material, the ash balances show small amounts and low concentrations of phosphorous at moderate sludge feeds. Consequently, bottom ash is not suggested for use as a P-source in agriculture. The ash fraction of largest interest for re-use is that from the secondary cyclone, the dominant one according to the ash balance, Figure 4 . The particle size is a fine powder similar to an artificial fertilizer. From a trace element point of view the situation is less favourable, Table A1 :c and A1:d. Cu, Zn and Fe increase considerably in the ash, apart from the valuable phosphorus. The heavy metals Hg and Cd also accumulate in the secondary cyclone ash. Hg is a special case due to its volatile nature. No Hg is present in the bottom ash. The highest concentrations are in the bag filter samples, Figure 6 and Table  A1 :e and A1:f. Cd is somewhat different. Cd is found in the bottom ash to some extent, Figure 7 and Table A1 :a, A1:b. The concentrations of the filter ash samples are about the same as in the secondary cyclone ash. An exception is the second reference case with wood as base fuel, where a number of trace elements show high concentrations in the filter ash. The accumulation of Hg in the filter ash, the relatively small amount and the contamination with hydrated lime, if injected for sulphur and chlorine capture, leads to the conclusion that bagfilter ash is not suitable as a P-source for plant growth.
Comparison of trace element concentrations in relation to P-content.
For the estimate of the significance of trace elements in relation to phosphorous, the ratio of trace elements to phosphorous is helpful. This approach is demonstrated in Figures 6 and 7 for Hg and Cd as examples. The full account for the selected trace elements Hg, Cd, Pb, Cr, Cu, Ni and Zn is given in Appendix 2 where also a comparison is presented with sludges and other P sources available for use in the agricultural sector, such as animal manure and artificial fertilizer (see Table  A2 :d). In general, the trace element concentrations from sludge are several times higher than those from the other sources. The fertilizer selected for comparison has a Cd guarantee, with a Cd content of less than 5 mg Cd/kg P and other trace elements are also low. The difference from sludge is great. The ash samples (Table A2 :a-c) are less favourable with respect to Hg and Cd than other P-sources, Figure 6 and 7. For Hg, the enrichment in the filter is as high as 180 mg Hg/kgP (Figure 6c ) in comparison to levels of only 0.4-0.9 in animal manure and 0.04 in artificial fertilizer (Table A2 :d). For Cd the difference is not that high; the concentrations are more equal in the ashes from the secondary cyclone and from the filter, and some Cd is found in animal manure as well. Nevertheless, the Cd/P levels are 300 times higher in the fly ash from wet sludge combustion than in the artificial fertilizer.
Accumulation of trace elements on the soil for food production.
In Sweden there is a limit for the absolute concentrations of some trace elements for direct use of sludge as a P-source. This limit is set assuming that the organic part is still present in the sludge. There is also a limit for the maximum trace element concentration, calculated as amount supplied with the P-source on a certain area of soil used for food production during one year. For Hg the limit is 1.5 mgHg/(acre,year). These limits are appropriate for judgement of the usefulness of sludge utilisation, since they are set to prevent long time contamination of the soil. In order to illustrate the potential risk of long time contamination by different P-sources, a calculation based on an addition of 22 kg of P to one acre/year is presented. The quantity 22 kg was chosen because it corresponds to a normal addition of fertilizer (in Sweden) [6] . The values of Tables A2:b-c are used to produce average data for the fuels and ash flows of each test series. The results are shown in Figure 8a -g, where the limits are also indicated. Figure 8a shows that unburned sludge or ashes after combustion will cause higher levels of Hg contamination than animal manure or artificial fertilizer. The enrichment of Hg in the bag filter ash leads to higher levels than the limit, while ash from the secondary cyclone is comparable to direct use of sludge as a Psource. For Cd the case is even less favourable, Figure 8b . Only one of the fly ashes is acceptable with Cd levels below the limit. As a matter of fact, the average sludge produced from the 48 wastewater treatment plants in Sweden ends up with too high concentrations of Cd in the soil if 22 kg of P is to be supplied. Animal manure or artificial fertilizer (with a Cd guarantee) would avoid this problem. For the other trace elements on the list, (Pb, Cr, Cu, Ni, Zn) the picture is similar, Figures 8c-g. There is always a higher risk of contamination of the soil when using sludge or ashes from combustion of sludge
CONCLUSIONS
The following conclusions can be made: • Co-firing of sludge with coal or wood is an important option instead of mono combustion of sludge.
• The substitution of coal or wood with sewage sludge as fuel will always increase the net flow of minerals, P, Hg, Cd, Pb, Cr, Cu, Ni and Zn into the boiler. The largest increase from the level of the base fuel is obtained with the combination of wood and pre-dried sewage sludge.
• Most of the inert material leaving the boiler is fly ash. As an average, 87 % of the total amount of fly ash consisted of secondary cyclone ash. If phosphorous is to be recovered from the ash, then the secondary cyclone ash would be the most suitable one. Bottom ash is less suitable because of low concentration of phosphorous and the bag filter ash may be diluted by calcium if calcium hydroxide injection is employed.
• Sewage sludge and fly ash after combustion of sludge contain similar levels of phosphorous as other P-sources for agricultural use, but the levels of trace elements in relation to phosphorous (Hg, Cd, Pb, Cr, Cu) are much higher in sewage sludge than in animal manure and artificial fertilizer.
• Agricultural utilisation of sewage sludge or fly ash after combustion with the purpose of supplying phosphorous leads in many cases to too high levels of trace elements in the soil (on a yearly basis) than acceptable according to existing limits in Sweden. Agricultural utilisation of sewage sludge or fly ash from combustion as a source of phosphorous is only justified after some removal of the trace elements.
• An alternative to removal of trace elements is to use sewage sludge or fly ash from combustion as a source for production of a pure phosphorous fraction with similar trace element concentrations as in artificial fertilizers.
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